Myasthenia gravis (MG) is an autoimmune disease characterized by muscle weakness and pathogenetic autoantibodies directed against the nicotinic acetylcholine receptor (seropositive myasthenia gravis; SPMG). Nearly 15% to 20% of MG patients do not have these antibodies (seronegative myasthenia gravis; SNMG), but several evidence indicate that these patients have circulating pathogenic autoantibodies directed against other muscle antigens. Using the TE671 rhabdomyosarcoma cell line as an antigen source, we analyzed sera from 63 SNMG and 26 SPMG patients and 26 healthy blood donors by FACS analysis. We found that 40 of 63 SNMG patients and only 1 of 26 SPMG patients had IgG binding to the TE671 cell line. None of the sera bound to the unrelated MRC5 cell line. To identify the antigen, we analyzed sera immunoreactivity in more detail by immunoprecipitation of biotinylated membrane proteins from TE671 cells. When the immunoprecipitated proteins were separated by SDS-PAGE electrophoresis and then transferred to nitrocellulose membranes, we found that SNMG IgG identify a band corresponding to a protein with a molecular weight of 110 kDa (P110), which is not recognized by seropositive MG sera. This anti-P110 immunoreactivity is significantly associated with a distinct clinical picture characterized by a prominent involvement of ocular and bulbar muscles, with frequent respiratory problems (p Ͻ 0.005), and is recognized by a specific antimuscle specific kinase (MuSK) antiserum. In a recent article, the presence of anti-MuSK antibodies was described in SNMG. Our results confirm the presence of these antibodies in SNMG and suggest that anti-P110/MuSK autoantibodies identify a subtype of SNMG in which the different pathogenesis induces the distinct clinical picture. (Lab Invest 2002, 82:1139 -1146.
M
yasthenia gravis (MG) is a neuromuscular transmission disease arising from antiacetylcholine receptor (AChR) autoantibodies. These antibodies can be detected in the patients' sera with a radioimmunoassay, using human antigen labeled with 125 I␣-bungarotoxin (seropositive myasthenia gravis; SPMG) (Bartoccioni et al, 1980; Lindstrom, 1977) . Anti-AChR antibody is not detected with this test in 15% to 20% of patients with generalized MG (seronegative myasthenia gravis; SNMG) (Evoli et al, 1989; Mossman et al, 1986) . These SNMG patients frequently complain of severe prominent ocular and bulbar weakness, which shows an unsatisfactory response to oral anticholinesterases, although improving with plasmapheresis and immunosuppressive therapy (oculobulbar SNMG) ( Evoli et al, 1996) . It has been shown that plasma or purified immunoglobulins from SNMG patients can transfer the neuromuscular transmission defect in mice (Burges et al, 1994; Mossman et al, 1986; Provenzano et al, 1988) . Blaes and coworkers (2000) have shown that IgG from some SNMG patients bind to a surface antigen, distinct from the AChR, on the TE671 rhabdomyosarcoma cell line. These observations, along with the clinical characteristics, reinforce the hypothesis that SNMG is an antibody-mediated autoimmune disease, which should be distinguished from SPMG.
In the present article, we used a cytofluorometric assay similar to that of Blaes et al (2000) to study a large MG population, and we correlated the laboratory findings with clinical data: we found a high frequency of positive results in SNMG, whereas TE671-specific immunoreactivity was absent in most SPMG patients. Moreover, both the greatest values of specific immunoreactivity and the highest positivity rate were found in those patients with prominent oculobulbar involvement. The antibody titer also showed a positive correlation with disease severity, with modifications that paralleled the clinical course along with the immunosuppressive or plasmapheresis treatment.
To look for a candidate antigen, we used patients' sera to immunoprecipitate putative target antigens from surface-biotinylated TE671 cell lysates. We found a highly significant association between the presence of autoantibodies directed against a membrane protein with a molecular weight of about 110 kDa (P110) and oculobulbar SNMG. It has recently been reported that antibodies directed against the muscle-specific receptor tyrosine kinase (MuSK) had been detected in the sera of SNMG patients (Hoch et al, 2001 ): we found that P110 (as precipitated by patients' sera) and the MuSK band (as precipitated by a goat antiserum) have the same apparent electrophoretic mobility; moreover, the P110 protein is recognized by a specific anti-MuSK antiserum. Our findings first confirm the presence of anti-MuSK antibodies in SNMG and, when examined along with the peculiar clinical characteristics, further support the identification of oculobulbar SNMG as a defined disease entity in which the different autoantibodies determine this distinct clinical picture.
Results
We tested sera from 26 SPMG patients, 63 SNMG patients, 26 healthy blood donors (HBD), and 19 subjects with other neuromuscular diseases (OND) for IgG binding to TE671 by fluorescence-activated cell sorted (FACS) analysis. HBD sera showed a very low reactivity, close to blank value (Fig. 1a) . Positivity cut-off (2.10 arbitrary units [AU] ) was determined as the mean ϩ 2 SD of HBD AU (mean 0.92; SD 0.59).
When patients' sera were tested, only 1 of 26 SPMG patients had a positive result, whereas 40 (63.5%) of 63 SNMG patients had positive results (Fig. 2) . To verify how specific this immunoreactivity was, we repeated the assay on the MRC5 fibroblastoid cell line: 10 of 10 SNMG, 2 of 2 SPMG, and 5 of 5 HBD sera did not show any reactivity with this cell line (Fig. 1b) . Among OND patients, 9 of 11 polymyositis and 5 of 8 mitochondrial myopathies showed positive results on TE671 by FACS analysis. Thus, although this test is not specific when applied to other nonmyasthenic neuromuscular diseases, in MG it shows a definite association with the seronegative form of this disease. 
Scuderi et al
We evaluated the possible correlation of these results with SNMG severity: both the percent positivity and the intensity of immunoreactivity correlated with disease severity (35%, 76%, 67%, and 100% for Osserman's grades 2A, 2B, 3, and 4, respectively; the mean intensity is indicated in Fig. 2 ). Immunoreactivity was more frequent (29/34 versus 11/29; 85% versus 38%; p Ͻ 0.0001; Fig. 3 ) and with higher mean values (4.3 Ϯ 2.3 versus 2.3 Ϯ 1.7 AU, p Ͻ 0.001) in SNMG with prominent oculobulbar involvement than in the other SNMG patients.
No correlation was observed when gender, age at onset, or immunosuppressive therapy at the time of serum sample collection where considered (data not shown). When we studied the correlation between individual clinical follow-up and TE671 immunoreactivity levels in seven of these patients, we found that a worsening of clinical symptoms was associated with an increase in immunoreactivity levels, whereas an amelioration corresponded to a decrease. In Figure 4 we show an example for one of these patients, where it is evident that changes in clinical status were associated with modifications of anti-TE671 immunoreactivity.
To look for a candidate antigen, we analyzed sera immunoreactivity in more detail by immunoprecipitation of biotinylated membrane proteins from TE671 cells. We tested the sera from 21 patients with SNMG, 2 with SPMG, 2 with polymyositis, 2 with mitochondrial myopathies, and 4 HBD. When the immunoprecipitated proteins were separated by SDS-PAGE electrophoresis and then transferred to nitrocellulose membranes, we observed the patterns shown in Figure 5 (A and B) . We found that a band corresponding to a protein of molecular weight of about 110 kDa (P110) was present only in the immunoprecipitates from SNMG sera and particularly from those with prominent oculobulbar symptoms, while it was always absent in the immunoprecipitates from all other sera, regardless of the original disease. Serial determinations of anti-TE671 immunoreactivity in a SNMG patient with prevalent oculobulbar symptoms. The elapse of time is not drawn to scale. TX ϭ thymectomy; * ϭ period when a clinical deterioration started to appear, with respiratory failure requiring mechanical ventilation and tracheostomy; ⌬C ϭ time when corticosteroid treatment was started along with a course of plasma exchanges after which the patient progressively improved. When we correlated the positivity for anti-P110 antibodies with the clinical characteristics of SNMG patients, we found a strong correlation with the presence of oculobulbar symptoms: 11 of 12 SNMG patients with these symptoms showed the P110 band at the immunoblot, while only 2 of 9 SNMG patients without these symptoms had the same result (Fisher's exact test: p Ͻ 0.005; Fig. 6 ).
After searching protein databases and literature, we found that a possible candidate (a protein that must be highly represented at the neuromuscular junction and with a molecular weight around 110 kDa) could be the muscle-specific kinase MuSK (Hoch, 1999; Meier et al, 1997; Ruegg, 2001) . We used the same biotinylation and immunoprecipitation assay to verify the presence of MuSK on TE671 cell membranes and whether the electrophoretic patterns, obtained by using patients' sera or an anti-MuSK antiserum, produced bands of identical molecular weight. In Figure 7 we show that TE671 cells express a protein that is recognized by an anti-MuSK antiserum and that both SNMG sera and anti-MuSK antiserum immunoprecipitated a protein with the same apparent molecular weight, while the HBD control serum did not show such a band. We confirmed the presence of MuSK in the P110 immunoprecipitated by SNMG sera by stripping off and reprobing blots with rabbit anti-MuSK antiserum: the results are shown in Figure 8 in which sera from patients with polymyositis, and from SNMG patients with prevalent oculobulbar symptoms, and without prevalent oculobulbar symptoms and sera from HBD have been used. The polymyositis serum recognized a protein with a similar but lower molecular weight, which is aspecifically recognized by the secondary antibody.
Discussion
In its classical form, MG is determined by antibodies aimed at the postsynaptic AChR. In a restricted group of patients, it is not possible to detect these antibodies. Experimental and clinical data have long supported the view that the anti-AChR-negative form of MG is a disease entity that should be distinguished from the anti-AChR-positive one: albeit plasma or purified IgG can transfer the neuromuscular transmission defect to mice, no antibody bound to the mouse AChRs and only a limited muscle AChR loss have been observed (Burges et al, 1994; Mossman et al, 1986; Provenzano et al, 1988) ; moreover, patients respond well to immunosuppressive drugs and plasma exchange while getting generally limited benefit from oral anticholinesterase therapy (Evoli et al, 1989) .
Despite the many efforts, the antigen(s) and pathogenetic mechanism(s) involved in this form of disease have not been definitively identified. Blaes et al (2000) , by means of a cytofluorometric assay, found that IgG from SNMG sera bind to a surface antigen(s) of the TE671 cell line but not to fibroblastoid cells transfected with human AChR. This test gave the same results even when the TE671 cells, which express the fetal AChR (the one containing the ␥ subunit), were transfected with the adult (⑀) subunit of AChR, further proving that SNMG antibodies bind to a muscle surface antigen distinct from the AChR. SPMG sera were always negative, as in our experiments, probably because TE671 cells express very little surface AChRs, because they are mostly retained intracellularly (Conroy et al, 1990) .
In the present study, we confirm the positive results of the FACS assay in SNMG patients, and we start to Blots of biotinylated membrane proteins as immunoprecipitated by human sera from an HBD or from an OB-SNMG patient (OB) or by an anti-muscle specific receptor tyrosine kinase antiserum (MuSK).
Figure 8.
Blots of biotinylated membrane proteins immunoprecipitated by patient sera. Top, Comparison of one polymyositis patient serum (PM) with one NOB-SNMG (NOB), three OB-SNMG (OB), and one HBD sera. Bottom, The same blot after stripping off the HRP-conjugated avidin and reprobing with an anti-MuSK rabbit antiserum followed by a goat anti-rabbit HRP-conjugated antiserum.
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characterize the antigen recognized by patients' immunoglobulins. With this assay we have been able to detect a definite immunoreactivity against TE671 cells. The surface antigen(s) is not bound by HBD sera, while it is recognized by 63.5% of SNMG sera, by only 1 of 26 SPMG sera, and by 14 of 19 patients with OND. When the MRC5 fibroblastoid cell line was used, no immunoreactivity was present in any serum we tested; moreover, when we used primary human myoblasts as the antigen source, we had results that can be superimposed to the ones obtained with TE671 cells (data not shown), further proving that we are detecting an IgG population against a muscle-specific antigen(s). The large variety of muscle antigens, and of antimuscle antibodies most likely present in the OND group, can be the basis of the positive results observed in these patients. Despite this, when only the MG population is considered, the immunoreactivity against TE671 cells seems to be specific for SNMG. Previous observation had pointed out that SNMG shows clinical heterogeneity and that a subgroup of these patients is characterized by prevalent oculobulbar involvement and by a more stable natural course (Evoli et al, 1996) . When we compared the results of our cytofluorometric test in SNMG patients with their clinical status, we found a positive correlation of both the percent positivity and the intensity of immunoreactivity with disease severity (Fig. 2) . In each group, the most severely affected patients are those with oculobulbar symptoms: these patients have the strongest association with immunoreactivity against TE671 cells (p Ͻ 0.0001; Fig. 3 ). Our finding that 63.5% of SNMG are positive with TE671 cells assay agrees with the laboratory observations of Blaes et al (2000) . The highly statistically significant correlation between our FACS analysis data and the clinical picture, unavailable in previous articles, further supports the heterogeneity in the pathogenesis of SNMG, which is then reflected in the different clinical picture.
The SNMG specificity of the immunoreactivity we are detecting with this FACS assay is further proved by the analysis of serial samples from single patients. By this analysis, we found that disease severity and antibody titer had a parallel course: a worsening of clinical symptoms was associated with an increase in antibody levels, and an amelioration of symptoms (due to either plasma exchange or immunosuppressive therapy) was accompanied by a decrease in the antibody titer (Fig. 4) . Although the latter can be ascribed to a generalized immunosuppression, which lowers any antibody, the former is a clear index of the SNMG specificity of the immunoreactivity we are detecting: there is no reason for an irrelevant antibody to increase along with a worsening of symptoms.
The second step in our work was to try to identify the fine specificity of these serum antibodies. To reach this goal, we used immunoprecipitation of biotinylated membrane proteins as the preferential approach. This method has the advantage of a great sensitivity coupled with selectivity for membrane proteins (Schuberth et al, 1996) , which are essential requirements. As a matter of fact, previous works could not demonstrate any difference between SNMG patient and healthy control sera using a crude normal human muscle extract as antigen source by means of a quantitative immunoblotting technique (Sharshar et al, 1998) . The method we used is more selective because the antigens we analyzed are only the membrane ones and because it adds an amplification step with the avidin-conjugated horseradish peroxidase (HRP) plus the enhanced chemiluminescence (ECL) detection. With this approach, we identified a 110-kDa membrane protein (P110) as the putative antigen, because it was precipitated only by SNMG immunoglobulins (Fig. 7) . It is impressive that 11 of 12 SNMG patients with oculobulbar involvement, and only 2 of 9 without oculobulbar involvement, showed this antibody specificity (Fig. 6) , which suggests that the antigen we are detecting with the FACS assay and the one with the immunoblot are likely to be the same.
Recently, Hoch and coworkers have shown that anti-MuSK antibodies are present in anti-AChR negative myasthenia (Hoch et al, 2001 ) and that these antibodies inhibit the agrin-induced AChR clustering in vitro. MuSK is a plasmamembrane tyrosinekinase receptor, with a molecular weight of 110 kDa (Hoch, 1999) . Our data show that TE671 cells, indeed, express a membrane protein of the correct molecular weight, which is immunoprecipitated by an anti-MuSK antiserum. Moreover, the P110 band precipitated by patients' sera is recognized by an anti-MuSK antiserum, which further supports the hypothesis that the protein we are detecting is MuSK. Kinase function of MuSK is activated upon binding with nerve-released agrin and mediates AChR clustering and neuromuscular junction formation (Glass et al, 1996; Herbst and Burden, 2000) . Plastic modifications of synaptic organization is an active process requiring a continuous cross-talk between the presynaptic nerve ending and the postsynaptic muscular apparatus (Dai and Peng, 1998) : anything interfering with MuSK activity or postsynaptic membrane integrity, such as patients' antibodies or complement-mediated lysis, can modify synapse structure and/or function and therefore impair neuromuscular transmission.
It has been suggested that most anti-AchR-negative MG patients seem to have distinct clinical characteristics in that weakness can be prevalent or even limited to ocular, facial, and pharyngolaryngeal muscles, and the response to oral anticholinesterases can span from scarce benefit to overt intolerance (Evoli et al, 1989) . Our findings, although not formally proving that anti-MuSK antibodies induce this form of MG, can constitute an experimental support to the definition of the pathogenetic mechanisms involved in this disease and to the elucidation of the processes involved in synapse formation and maintenance. This will represent a substantial contribution to the identification and definition of SNMG as a new disease entity. Further in vitro and in vivo studies are underway to elucidate the exact role of these autoantibodies in the pathogenesis of SNMG. 
Materials and Methods

Patients and Controls
We studied 63 patients with generalized MG, who had repeatedly shown negative results with the conventional radioimmunoassay (SNMG). The diagnosis of MG was based on the association of typical history and signs of fluctuating muscle weakness together with electrophysiologic findings of neuromuscular transmission defect, ie, more than 11% decrement in compound muscle action potential on low-rate repetitive nerve stimulations and/or increased jitter on single fiber electromyography. Electromyography findings of neurogenic and/or myopathic disorders, compound muscle action potential increment on high-rate repetitive nerve stimulations (maximal voluntary contraction), and repetitive response to a single nerve stimulus were absent in every patient. A positive response to neostigmine im/edrophonium iv was present in all patients but five, even if the subsequent response to oral anticholinesterases was generally less satisfactory than in SPMG patients. MG severity was graded according to the method of Osserman (Osserman and Genkins, 1971) . The 63 SNMG patients (40 women and 23 men), had age at onset ranging from 6 to 83 years. Clinical data are shown in Table 1 . Among these SNMG patients, 34 showed prevalent oculobulbar symptoms (ophthalmoparesis, facial weakness, nasal speech, dysphagia, frequent respiratory crises), with a severe disease (grade 2B-4) in 30 of them. Twenty-two of the remaining 29 patients had a mild generalized form of disease (grade 2A). Forty of the 63 SNMG were not receiving immunosuppressive therapy at the time of serum sample collection. Control sera were from 26 SPMG patients, 19 subjects with other neuromuscular diseases (11 polymyositis and 8 mitochondrial myopathies), and 26 HBD from the local blood bank.
Anti-AChR Antibody Testing
The anti-AChR assay was performed according to Lindstrom's method, with minor modifications (Bartoccioni et al, 1980) , using human muscle leg extract as antigen. All sera with a negative (Ͻ0.5 nM) value were repeatedly assayed at various dilutions and with different antigen extracts to confirm the absence of anti-AChR antibodies.
Cell Lines
We used the rhabdomyosarcoma TE671 and the fetal fibroblastoid MRC5 human cell lines. Both cell lines were grown in DMEM plus 10% FCS, 1% antibiotics, and 10 mM L-glutamine and maintained in a humidified incubator at 37°C with 5% CO 2 .
Flow Cytometry
FACS analysis was used to detect binding of patients' IgG to the surface of TE671 and MRC5 cells according to the method of Marino et al (2001) , with minor modifications: cells (5 ϫ 10 5 per test) were incubated for 30 minutes in 50 l of 1:10 serum dilution in PBS/BSA, followed by FITC-conjugated goat antihuman IgG (Kallestad) antiserum. Cells were then analyzed on a FACScan (Profile XL; Coulter, Fullerton, California). The gate was set on total cell population and the mean fluorescence intensity was reported. Aspecific binding was detected by adding to each experiment a sample of cells incubated with FITCconjugated goat anti-human IgG second antibody/ antiserum alone (blank reading); this value was subtracted from sample mean fluorescence intensity, obtaining the binding AU; at least one HBD and one SNMG-positive serum were assayed in each test session as quality controls. 
